Characterisation of particle flow using Positron Emission Particle Tracking (PEPT) is based on 19 tracking the position of a single particle in a dynamic system. Recent developments in PEPT have 20 facilitated tracking multiple particles aiming at improvements in data representation. Nevertheless for 21 systems with a wide residence time distribution and/or dead zone, the conditions for getting 22 representative data which could reflect the bulk behaviour of the powders need to be analysed and 23 specified. In the present work, an attempt is made to simulate PEPT experiments for a paddle mixer 24 using Discrete Element Method (DEM), with a view to investigate the effect of increasing the number 25 of tracers on their time-averaged velocity distribution and whether it can represent the data on whole 26 population of particles. The time averaged velocity distribution of the individual tracer particles 27 (resembling simulated PEPT) is obtained and compared with the time averaged data on entire particle 28 population. The DEM results indicate that for the investigated paddle mixer, it takes 251 seconds for 29 one tracer to travel adequately in all the active space of the system. The instantaneous tracer velocity 30 fluctuates around the average value obtained for all the particles, suggesting the average tracer 31 velocity is adequately representative of the average particle velocity in the system. The data of PEPT 32 experiment with one tracer with those of DEM with one tracer are in good agreement, however DEM 33 2 simulation suggests that increasing the number of tracers in the paddle mixer system does not 34 influence the average velocity distribution. Furthermore, the velocity for all particles in the DEM 35 shows a smooth distribution with a peak frequency of the velocity distribution that is lower than PEPT 36 and DEM tracer. When tracking a single tracer in DEM or PEPT, it may not be detected to have zero 37 velocity at any instant of time, while the data for all particles show that about 0.3% of particles are 38 stagnant. 39 40
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Introduction 44
In industries such as detergent, cosmetic, food and pharmaceutical manufacturing, powder mixing is a 45 common process. Optimisation and control of mixing are critically important but very challenging. A 46 key step in optimising the mixing process is to understand the powder kinematic behaviour (flow 47 fields, mixing patterns, etc.) to enable efficient process design and control [1] . However it is difficult 48 to obtain an insight into the internal flow field during mixing processes and to address the kinematic 49 behaviour of powders using experimental approaches, particularly at large scales. Advances in 50 experimental measurements of internal flow based on Positron Emission Particle Tracking (PEPT) 51 have made it possible to get detailed information on the rate of mixing, but are limited to small scales 52 [2, 3] . In PEPT, the motion of an irradiated tracer particle is tracked using appropriate sensors, from 53
which the temporal and spatial information about the particle is deduced [4] . A natural question which 54 emerges is to what extent the data from a single particle are representative and how such information 55 could be applicable to larger scales. For this purpose Hassanpour et al.
[5] simulated a paddle mixer 56 using the Distinct Element Method (DEM) and compared the results to those of PEPT. A qualitative 57 comparison between the time-averaged velocity profiles of a representative case from PEPT 58 measurements and corresponding DEM simulations showed a good qualitative agreement on the 59 internal flow patterns. In order to make quantitative comparisons, the particle dynamics were analysed 3 tip speed). Due to the computational limitations, DEM simulations were carried out for a maximum of 62 10 s of real time only. Within this short period, the data were insufficient for one single particle 63 relating to comparison with PEPT measurements; therefore the data from all particles in the DEM 64 simulations were used in the calculations. The time-averaged normalised velocity distribution 65 obtained from DEM analysis was compared with that from PEPT measurements for representative 66 process conditions. It was found that the DEM model predicted a smooth distribution of particle 67 velocities while the PEPT data showed more scatter or fluctuation in the frequency plot. This 68 difference was attributed to the fact that the PEPT analysis was based on data from only one particle, 69
i.e. the tracer, while the DEM results were from the velocity profiles of the whole population of 70 particles. Overall there was a reasonable agreement in the velocity distribution, but the comparison 71 was not rigorous. 72
73
In PEPT the tracking process is carried out for a few minutes to generate sufficiently accurate time-74 averaged data. However, the total length of experiment for reliable and statistically representative 75 data is based on trial and error and there is no solid evidence confirming the tracer could represent the 76 data for all particles. It has recently been shown [6] that using manipulated algorithms, multiple 77 tracers can be used in PEPT, however its effect on providing better representative data for all the 78
particles has yet to be critically evaluated. In the present work, an attempt is made to simulate PEPT 79 experiments for a paddle mixer using DEM, with a view to investigate the effect of increasing the 80 number of tracers on the time-averaged velocity distribution. The velocity information is available for 81 all individual particles in DEM; therefore, the average particle velocity and velocity distribution of the 82 whole population of particles could be compared with those of individual tracers in the simulation. 83
The results of DEM are also compared to those of PEPT experiment using a single tracer. of the particles is based on the Hertz-Mindlin model [9] . The experimental work using PEPT was 92 carried out on dry, free-flowing particles; hence the contact model did not include adhesive term. Due 93 to the limitation of computer power, it is not possible at this stage to simulate the actual number of 94 particles (around 50 millions) within a reasonable time. Therefore, the simulation was carried out with 95 a smaller number but larger particles. In this case particle density is adjusted to maintain a similar 96 momentum exchange between particles as of the real case [10] . In the previous work by Hassanpour 97 et al. [5] it was shown that the steady state average velocity magnitude slightly decreased as the 98 particle size was reduced in the same paddle mixer system. This shows that the average particle 99 velocity is slightly sensitive to the particle size, but the effect is not very significant. Here, the same 100 Properties of the particles are also the same as the previous work [5] , which can be seen in Table 1  109 and 2. Particles were generated randomly at spatial locations above the impellers (the position shown 110 in Figure 1 ). 111 112 The filling of 60000 particles was carried out while the mixer impellers were stationary similar to 118 (Birmingham, UK) was used to track particle motion. In a typical experiment, particles were loaded 127 into the mixer which was then started and run for a couple of minutes to ensure that the steady state 128 was reached before starting the data requisition process. Radioactive particles (0.7 mm in diameter 129
with 1200 kg/m 3 density) were used as tracers, which were activated by an ion exchange method with 6 acquisition was performed for at least 15 min for each run which gave at least 20,000 data points in 132 the form of spatial locations in the Cartesian coordinate as a function of time. that the average tracer velocity could be representative of the average particle velocity in the system. 171
172
In order to quantitatively investigate the time needed for the tracer to develop its streamlines, the 173 normalised tracer velocity distribution is evaluated at different simulations times and is plotted in 174 As it can be seen, increasing the number of tracers in this paddle mixer system does not influence the 207 velocity distribution. In addition, for the system studied in this work it has been observed that 208 increasing the number of tracers does not significantly shorten the time required to achieve a 209 representative and time independent data. Furthermore for experimental PEPT the data acquisition 210 and analysis could be more complex and time consuming. Therefore, one conclude that the use of 211 multiple tracers in PEPT measurements does not provide improvements in the velocity distribution 212 results and hence little benefit in this respect could be achieved. Figure 8 compares the normalised 213 velocity distributions obtained from the experimental PEPT, one tracer particle in DEM and all the 214 population of particles in DEM. The data on all particles has not been analysed in bins and rather data 215 tracer is significantly higher than PEPT. One reason for this observation could be the differences in 228 particle shape and size distribution for DEM and the experiment. Furthermore, the velocity for all 229 particles in DEM shows a smooth distribution with a peak frequency of the velocity distribution lower 230 than PEPT and DEM tracer. The velocity distribution data for the population of particles in DEM are 231 based on a large number of particles (60,000 in this case), while for PEPT and DEM tracers it is based 232 on time-averaged velocity distribution of a single tracer. Therefore the scatter and fluctuations in 233 PEPT and DEM one tracer data, relative to DEM population, is expected. Potential explanations for 234 the difference in the peak of the distribution could be attributed to the aforementioned particle size 235 discrepancies and/or the sampling method: PEPT and DEM tracer analyses are based on data from 
